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Abstract
This study describes the possibilities of valorising a waste stream that originates from apple wood by mapping the reducing 
capacity and phenolic profile from extracts derived from apple tree (Malus domestica). This study evaluated the efficiency 
of warm solvent extraction (WSE) and ultrasound-assisted extraction (UAE) techniques for extracting antioxidant phenolic 
compounds from the bark and core wood of an apple tree cultivated in the north-eastern part of Belgium. Furthermore, the 
influence of the pre-treatment technique, namely, fresh, oven-dried, and freeze-dried samples, respectively, on the yield of 
polyphenols was studied. Fresh bark extract obtained by UAE—the most efficient extraction technique—employing acetone 
60% v/v contains the highest levels of phenolic compounds as well as the highest antioxidant activity. High-performance 
liquid chromatographic analysis shows that phloridzin is the major compound of the identified polyphenol markers present in 
bark and core wood extracts. Based on the obtained results, it may be possible to produce a polyphenolic extract from apple 
wood at an industrial scale without extensive costs or altering the antioxidant properties. This study reveals the potential of 
apple tree wood residues valorisation through the recovery of phenolic compounds for food, pharmaceutical, and cosmetic 
applications.
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Introduction
Polyphenols are the most abundant secondary metabolites 
of plants and do not play an essential role in the primary 
processes of a plant. This does not mean polyphenols are 
insignificant for the development of a plant, since certain 
polyphenolic compounds act as a natural defence against 
diseases [1–3] or as a natural colour pigment [4, 5]. Besides 
their biological function, natural phenols have been reported 
to possess good properties as food preservatives and are 
interesting compounds to be used as antioxidant agents in, 
e.g., cosmetic preparations [6].
Recently, the number of studies concerning the extrac-
tion of polyphenols from inexpensive and renewable sources 
has been increasing [7–11]. Fruit growers annually have 
hundreds of tons of wood waste. Despite their potential for 
chemical recycling, residues from the harvest of apple woods 
or wood processing are frequently used for applications with 
low added value [8, 12]. Certain companies already devel-
oped products out of wood, such as smoke chips and smoke 
planks used for barbeques and smoke ovens. Apple tree 
wood residues, such as bark, can be an important resource 
for the extraction of bioactive molecules [13, 14]. In fact, 
the recovery of phenolic compounds from wood wastes is 
gaining increased attention [13, 15]. Recently, Moreira et al. 
[11] have shown the potential of apple tree wood residues 
as a source of phenolic compounds. In another study, the 
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presence of one important bioactive polyphenol, phloretin, 
in the bark of apple trees was reported [16].
The extraction of bioactive compounds from natural prod-
ucts is an important step to enable utilization of residues 
can be used in food, pharmaceutical, or cosmetic products. 
Different techniques for the extraction of polyphenols from 
solid samples in several waste streams of plant origin have 
been reviewed [1]. Conventional techniques, such as warm 
solvent extraction (WSE) and Soxhlet extraction, are still 
widely used for the recovery of phenolic compounds from 
tree wood, but new techniques, such as ultrasound-assisted 
extraction (UAE) and microwave-assisted extraction (MAE), 
are gaining considerable attention because of their environ-
mentally friendly character [10, 11]. A number of reported 
applications have shown that UAE is a green and economical 
alternative to conventional extraction when working with 
natural products [8, 17, 18].
Besides the extraction technique used to recover poly-
phenols, the type of extraction solvent has been investigated 
in several studies [11, 19, 20]. Moreover, the methods used 
for the preservation of samples represent another parameter 
which deserves attention, especially in the case of apple 
wood. Due to the high moisture content and microbial activ-
ity, apple wood is unstable and can degrade rapidly. There 
are several methods for sample preservation. Bartolomé 
et al. [21] evaluated three methods, namely, freeze drying, 
oven drying, and freezing of fresh material, for the preserva-
tion of brewing spent grains, which is a major by-product of 
large and small breweries. Freezing of fresh wood material 
is not suited for large-scale use, because the volumes to be 
stored are too large. On the other hand, drying or freeze dry-
ing reduces the volume of the product, which makes it more 
suitable for storage [22, 23]. In general, these preservation 
methods are considered as the best treatments for high-qual-
ity dry matter, even though they are not the best option from 
an economical point of view [23]. In addition, it may also 
lead to loss in bioactive compounds, despite maintaining the 
sensory attributes [24]. In the case of the oven-drying pro-
cess, the main disadvantage is the exposure to oxygen and 
high temperatures, which may influence the chemical com-
position. Nevertheless, the oven-drying process is frequently 
used because of its low cost, as opposed to freeze drying, 
which is less attractive from the economical point of view.
This study will examine the influence of sample pre-
treatment applied on apple wood. More specifically, the 
technique of oven-drying and freeze drying will be com-
pared with freshly ground wood on the amount of available 
polyphenols. As described in the literature [22–24], a sharp 
decrease in the availability of polyphenols is expected when 
the wood is oven-dried before the extraction process.
In addition to the influence of pre-treatment, the effect 
of the extraction process was evaluated by the total poly-
phenol content. The first parameter of this process, the 
composition of the solvent, is a frequently investigated 
parameter, knowing that it strongly influences the extrac-
tion efficiency [7, 8, 11, 14]. Different solvent mixtures on 
the extraction of polyphenols from Malus domestica ‘King 
Jonagold’ were investigated. Namely, methanol, ethanol, 
acetone, and water were used for the extraction of phenolic 
compounds. The solvents were used in the pure form and 
also in mixtures with water (20%, 40%, 60%, and 80%, 
v/v). In correlation with recent studies [7, 10], a higher 
yield in polyphenols is expected for extraction produced 
in the presence of a mixture of organic solvent and water 
than when pure solvent is used. To achieve extraction of 
bioactive compounds, both WSE and UAE were employed 
as extraction techniques, the second parameter of the 
extraction process. This study aims to demonstrate that 
ultrasonic extraction can lead to a reduced use of solvents 
without a loss of yield in correlation with the conventional 
solvent-based technology [8, 17, 18].
Extraction efficiency of both techniques with the dif-
ferent solvent mixtures on the pre-treated bark and core 
wood was evaluated by the total phenolic content (TPC) 
and total flavonoid content (TFC), as well as by the anti-
oxidant activity assays which were determined via meas-
urement of 2,2′-diphenyl-1-picrylhydrazyl radical scaveng-
ing activity (DPPH-RSA) and Ferric Reducing Antioxidant 
Power (FRAP) assays. Moreover, the characterization of the 
polyphenols from apple tree bark and core wood by high-
pressure liquid chromatography equipped with a photodiode 
array detector (HPLC–PDA) was employed for the identi-
fication and quantification of the extracted phenolic com-
pounds to see which phenolic compound contributes most 
to the antioxidant activity of the obtained extracts.
Materials and methods
Processing of apple wood
The wood from Malus domestica ‘King Jonagold’ was used 
during this project. The apple tree, with 15 years, was felled 
at 18th of March 2016 and sampled at Haspengouw, a region 
in the county Limburg, northeast Belgium. Different parts, 
namely, the bark and core wood, from apple tree were sepa-
rated for further investigation. All the parts were shredded 
at the place, where they were felled, and grinded to fine 
particles (< 1.2 mm) with a hammer mill. After grinding, 
a part of the wood was subjected to a drying process and 
another part was directly vacuum sealed. The part of the 
wood subjected to a drying process was dehydrated either 
in a freeze dryer or in an oven (60 °C) until constant weight. 
All the samples were vacuum sealed and stored at − 32 °C 
until further extraction.
Reagents
Aluminium chloride, ethanol 99%, sodium acetate, and 
sodium carbonate (anhydrous) were purchased from 
Chem-Lab. Acetic acid, 2,4,6′-tris(1-pyridyl)-5-triazine 
(TPTZ), hydrochloric acid, iron (II) sulphate heptahydrate, 
Folin–Ciocalteu reagent, quercetin (≥ 95%), gallic acid (GA) 
(≥ 97.5%), and DPPH were obtained from Sigma-Aldrich. 
Iron (III) chloride hexahydrate was purchased from Acros. 
Barium chloride and the solvents for extraction—ethanol, 
methanol, and acetone—were purchased from VWR Chemi-
cals. Potassium acetate was purchased from Merck and sul-
phuric acid from Fisher chemicals.
The analytical reference compounds phloridzin (> 99%), 
phloretin (≥ 99%), (+)-catechin (≥ 99%), (−)-epicatechin 
(≥ 97.9%), kaempferol-3-glucoside (≥ 95%), (−)-epicatechin 
gallate (≥ 98%), p-coumaric acid (≥ 98%), rutin (> 95%), 
naringin (≥ 90%), (1)-naringenin (≥ 95%), procyanidin B1 
(≥ 90%), and procyanidin B2 (≥ 90%) for the calibration 
of the HPLC were acquired from Sigma-Aldrich. Caffeic 
(≥ 99%) and ferulic acids (≥ 90%) were acquired from extra-
synthese, and vanillic acid was supplied by EFBT (Lab of 
Enzyme, Fermentation and Brewing Technology—KU Leu-
ven, Ghent, Belgium). Ultra-pure water was obtained from 
a Milli-Q System (Millipore).
Extraction technique
Different solvents, namely, methanol, ethanol, acetone, and 
water, were used for the extraction of phenolic compounds 
from the grinded wood material. The solvents were used in 
the pure form and also in mixtures with water (20%, 40%, 
60%, and 80%, v/v).
Warm solvent extraction (WSE)
The method described by Meneses et al. [20] was used for 
WSE. For that, 1.0 g of sample was mixed with 100.0 mL 
of solvent in a 250 mL closed conical flask, and maintained 
during 30 min on a heating plate at 60 °C with magnetic stir-
ring [25]. There was no cooling system on the closed flask. 
The extraction took place at temperatures near the boiling 
point of the solvents employed. The produced extracts were 
filtered through filter paper and 0.22 µm polyvinylideen-
fluoride membranes (purchased from Phenomenex) and 
stored at − 32 °C until analyses. All the steps were con-
ducted in the absence of oxygen.
Ultrasound‑assisted extraction (UAE)
The method used for the UAE was based on the results of a 
study described by Lazar et al. [10]; 0.5 g of grinded wood 
material and 50.0 mL of solvent were mixed into 250 mL 
reactive vessels and placed in an ultrasonic thermostatic bath 
(VWR ultrasonic cleaner 800 W). The extraction process 
was performed at 60 ± 3 °C for 30 min. Stirring was per-
formed every 5 min for 30 s. Afterwards, the extracts were 
centrifuged using a Eppendorf centrifuge 5810 at 4000 rpm 
for 6 min. The produced extracts were treated analogously 
as was the case for WSE.
Determination of moisture content
The moisture content of fresh and pre-treated apple wood 
was determined by weight difference before and after heat-
ing at 103 °C for 4 h. After the heating process, the samples 
were placed in a desiccator for 30 min before weighing. The 
moisture content of bark and core wood is 46.9% and 43.5%, 
respectively. After the pre-treatment employed, the moisture 
content is lower than 10%. Dry matter for bark and core 
wood were 100% and 96.3%, respectively.
Total phenolic content (TPC)
TPC was evaluated by a modified Folin–Ciocalteu method 
[26] described by Moreira et al. [11]. The method involves 
the reduction of Folin–Ciocalteu reagent by phenolic com-
pounds, with the simultaneous formation of a blue complex. 
The calibration curve was made with standard solution of 
GA and measurements were carried out at 740 nm in a Shi-
madzu UV-1800 spectrophotometer. TPC was expressed as 
milligram of GA equivalents per gram of dry matter (DM) of 
the sample (mg GAE/g DM). All measurements were done 
in triplicate.
Total flavonoid content (TFC)
Flavonoids were measured by a colorimetric method 
described by Chang et al. [27]. The principle of the alumin-
ium chloride colorimetric method is based on the formation 
of a stable complex by the aluminium chloride with the C4 
keto group and the C3 or C5 hydroxyl group of the flavones 
and flavonols. The measurement of the extract was com-
pared to a standard curve prepared with quercetin standard. 
Absorbances were measured at 415 nm with a Shimadzu 
UV-1800 spectrophotometer. TFC was expressed as milli-
gram of quercetin equivalents per gram of DM of the sample 
(mg QE/g DM). All measurements were done in triplicate.
Determination of antioxidant potential of extracts
The antioxidant activity of the extracts obtained from the 
apple tree material was evaluated by the DPPH-RSA and 
FRAP assays, according to the procedures described by 
Brand-Williams et  al. [28] and Benzie and Strain [29], 
respectively.
DPPH‑RSA assay
DPPH is a stable free radical and is used to test phenolic 
compounds containing antioxidant potential [29, 30]. The 
extract (150 µL) was added to 2.85 mL of 130 µmol/L 
daily made methanol DPPH solution, and was mixed. After 
an incubation period of 90 min at room temperature in 
the dark, the decrease in absorbance was determined at 
515 nm against a blank. Methanol was used as a blank 
or control solution. The decrease of the absorbance is a 
degree for the antioxidative potential of the sample. The 
radical scavenging activity was expressed as a percentage 
of inhibition calculated by
 where A0 and AE are the absorbance of the blank solution 
and the extract, respectively.
FRAP assay
100 µL of extract was mixed with 3.00 mL of FRAP rea-
gent (300 mmol/L acetate buffer—pH 3.6, 10 mmol/L 
TPTZ in 40 mmol/L HCl, 20 mmol/FeCl3.6H2O in a ratio 
of 10:1:1) and 300 µL of milli-Q water. This mixture was 
incubated at 37 °C for 15 min. After that, the absorbance 
was determined at 593 nm against a blank prepared with 
milli-Q water. Aqueous solutions of  FeSO4.7H2O in a 
range from 200 to 1000 µmol/L were used for generating 
a calibration curve. FRAP values were expressed as mmol 
of ferrous equivalent per gram of DM of the sample (mmol 
Fe(II)/g DM).
HPLC–PDA analysis
The instrument used to analyze the apple wood extracts 
was a Shimadzu system consisting of a low-pressure 
quaternary gradient unit (model LC-20AT) with an in-
line degasser (model DGU-20A5R) and an auto-sampler 
(model SIL-20AT). The system is equipped with a column 
oven (model CTU-20AC) and a photodiode array detec-
tor (model SPD-M20A High-Performance Liquid Chro-
matography PDA detector). The phenolic composition of 
the extracts obtained from the apple wood was analyzed 
by the HPLC method described by Rubilar et al. [31] with 
minor modification. A Phenomenex Gemini  C18 column 
(250 mm × 4.6 mm, 5 μm) and a guard column with the 
same characteristics maintained at 40 °C with a gradient 
program were used for the separation of phenolic com-
pounds. Mobile phase A (HPLC grade methanol) and 
mobile phase B (ultra-pure water) both with 0.1% formic 
acid were used for elution at a flow rate of 1.0 mL/min. The 
injection volume for samples and reference compounds 
(
1−
(
AE∕A0
))
× 100,
was 20 µL. The following gradient was applied: 0–20 min: 
15–30% A; 20–40 min: 30–45% A; 40–45 min: 45–50% A; 
45–50 min: 50–55% A; 50–65 min: 55–70% A; 65-75 min: 
70–100% A, followed by 100% A for 5 min and back to 
15% A in 20 min followed by 5 min of reconditioning 
before the next injection. UV spectra were recorded in a 
range of 190 to 800 nm, and the quantification was made 
at 260, 270, 280, 308, 320, 350, and 368 nm depending 
on the maximum absorption from the phenolic compound. 
The following polyphenols were identified and quantified: 
the monomeric flavan-3-ols: (+)-catechin, (−)-epicatechin, 
and (−)-epicatechingallate; the flavanones: naringin and 
naringenin; the dihydrochalcones: phloretin and phlored-
zin; the flavonols: rutin, quercetin, and kaempherol; the 
hydroxybenzoic acids: gallic and vanillic acid; the deriva-
tives of cinnamic acid: p-coumaric, ferulic, and caffeic 
acids and the proanthocyanidins: procyanidin B1 and pro-
cyanidin B2 [32, 33]. Calibration curves were made by 
dilution of the stock solutions, and injecting them into the 
HPLC–PDA system. Table 1 gives the analytical param-
eters of the obtained calibration graphs. The polyphenols 
in the obtained extracts from apple wood were identified 
by the comparison of the retention times and the spectral 
data with the ones obtained from the analysis of the refer-
ence compounds. The identified compounds were quanti-
fied using the calibration curves of the authentic reference 
compounds. For the apple wood extracts, the concentra-
tions were calculated based on triplicate injections and the 
results were expressed as mg/g DM.
Statistical analysis
The results of the analyses reported in this work are the aver-
age of three measurements and expressed as mean ± stand-
ard deviation (SD). Data analysis was carried out with the 
software IBM SPSS Statistics 23. A two-way between-
groups analysis of variance (ANOVA) was conducted by 
the Tukey test to explore the impact of the two different 
independent variables, namely, the pre-treatment and the 
extraction technique, on a dependent variable. The pre-
treatment techniques were divided into three groups (Group 
1: fresh material; Group 2: freeze-dried material; and Group 
3: oven-dried material), and the extraction techniques in two 
groups (Group 1: WSE; Group 2: UAE). Using the two-way 
ANOVA not only the main effect of each independent varia-
ble, but also the interaction between both independent varia-
bles can be shown. The p value less than 0.05 (p < 0.05) was 
considered statistically significant. In most cases, the inter-
action effect did not reach statistical significance (p > 0.05), 
which makes it possible to safely interpret the main effects: 
pre-treatment technique and the extraction technique. In case 
of a significant result for the interaction effect, an analysis of 
simple effects was conducted. This means that the results for 
each of the subgroups were studied separately. This involves 
splitting the sample into groups according to one of the inde-
pendent variables and running separate one-way ANOVAs 
by Games–Howell post hoc test to explore the effect of the 
other variable. For this, the SPSS Split File option was used.
Results and discussion
Preliminary assays
Influence of the solvent mixture
Alcoholic solvents are commonly used to extract phenolics 
from natural sources because of the high yield reported 
[19]. In the present study, different pure solvents, i.e., water, 
acetone, methanol, and ethanol, and solvent mixtures in the 
ratios of 20%, 40%, 60%, and 80%, v/v (organic solvent/
water) were tested by applying the WSE and UAE tech-
niques [20]. Recently, Moreira et al. [11] reported that the 
yield of polyphenols extracted from apple wood bark was 
highest when applying conventional extraction at 55 °C 
with ethanol/water (1/1; v/v) for 2 h. In another study, how-
ever, it has been recommended to perform the extraction 
at a temperature not higher than 50 °C due to risk of poly-
phenol oxidation [10]. A recent study by Naima et al. [14] 
reveals, however, that increasing the temperature from 40 
to 60 °C improves the yield of polyphenols recovered from 
Moroccan Acasia mollissima barks. Therefore, taking into 
consideration data from the literature and the possible deg-
radation of phenolic compounds [8, 10], extractions were 
carried out at 60 °C, respectively, for 30 min.
TPC of the obtained extracts was used to evaluate the 
effect of the solvent composition. Three woods are com-
posed by different molecular composition and polarities, 
which makes the solvent composition an important param-
eter for comparison. Table 2 shows the impact of the solvent 
mixture on TPC available in extracts derived from apple 
tree bark and core wood with WSE and UAE, respectively. 
From this table, it was observed that the addition of water 
to organic solvents, such as acetone, methanol, and ethanol, 
creates a more polar medium, which facilitates the extraction 
of phenolic compounds. The results of our study on apple 
tree bark and core wood indicate that extracts obtained with 
40% up to 80% of organic solvent in the mixture contain the 
highest amount of total polyphenols, with no significant dif-
ference between the compositions. This is in agreement with 
recent findings [9, 10, 14, 20], which show that the yield of 
phenolic compound improves up to 80% (v/v). However, in 
combination with UAE, less solvent is required to achieve 
the same return in TPC as with WSE. The combination 
40 v/v% organic solvent mixture with UAE almost always 
results in a higher yield of polyphenols (Table 2) than in any 
of the WSE technique combinations with organic solvent 
mixtures.
In case of UAE, when looking at the results in more detail 
(Table 2), extractions performed with ethanol mixtures 
show no significant (p > 0.05) differences in TPC values, 
Table 1  HPLC calibration parameters of phenolic compound standards
Compound Linear 
range (µg/
mL)
Slope (mAU mL/µg) Intercept (mAU) Correlation 
coefficient
Standard 
deviation
Limit of 
detection (µg/
mL)
Limit of quanti-
fication (µg/mL)
(+)-Catechin 2.0–200 13361.1 − 18948.2 0.9999 3001 0.67 1.35
(−)-Epicatechin 2.0–200 12252.0 − 17709.2 0.9997 3794 0.93 1.86
(−)-Epicatechin gallate 2.0–200 31372.3 − 231539.0 0.9976 12241 1.17 2.34
p-coumaric acid 1.0–100 147351.0 − 34134.9 0.9999 10983 0.22 0.45
Ferulic acid 1.0–100 95674.5 − 21868.2 0.9997 5113 0.16 0.32
Caffeic acid 1.0–100 93762.2 − 150464 0.9997 19376 0.62 1.24
Vanillic acid 1.0–100 64754.5 − 40183.2 0.9999 2164 0.10 0.20
Gallic acid 1.0–100 54987.6 − 100880.0 0.9995 5848 0.32 0.64
Quercetin 1.0–150 65939.0 − 90539.2 0.9999 19857 0.90 1.81
Kaempferol-3-glucoside 1.0–150 34932.7 154512.0 0.9991 3852 0.33 0.66
Naringenin 1.0–75.0 72577.4 98289.2 0.9993 9446 0.39 0.78
Naringin 2.0–200 37709.5 − 10018.8 0.9998 1823 0.15 0.29
Rutin 2.0–100 27483.9 − 4214.8 0.9998 778 0.09 0.17
Phloretin 1.0–200 80220.4 48432.8 0.9996 10446 0.39 0.78
Phloridzin 2.0–200 78126.0 5419.18 0.9999 7505 0.288 0.576
Procyanidin B1 1.0–50.0 8431.4 34080.9 0.97 2129 0.756 1.52
Procyanidin B2 1.0–50.0 12395.2 − 52.46 0.9999 1205 0.29 0.58
compared to the amounts recovered with acetone or meth-
anol mixtures, which is very interesting, since the use of 
ethanol is preferable to methanol or acetone in view of food 
and pharmaceutical applications of the apple tree bark and 
core wood extracts. Moreover, ethanol is recommended as 
an eco-friendly and safe solvent [5].
Influence of extraction technique
Next to the solvent mixture, the extraction techniques WSE 
and UAE, will also impacts the extraction yield of poly-
phenolic compounds recovered from apple tree woods. 
Taking into consideration the results (Table 2) described 
in the chapter concerning the Influence of the solvent mix-
ture, independent variables for both extraction techniques 
were defined. Regarding the comparison of both extraction 
techniques, bark and core wood extracts obtained with UAE 
show significant higher amount of polyphenols. There is a 
statistically significant main effect for the extraction tech-
nique (p < 0.05). Based on the estimated marginal means, 
pairwise comparisons showed a significant difference 
between WSE and UAE, because the mean differences were 
significant at the 0.05 level. According to several studies, 
UAE has been applied successfully to obtain valuable com-
pounds from food and plant materials. The results obtained 
in this study are in accordance with other recent studies [8, 
10, 17] which reveals that ultrasounds promote the release 
of intracellular substances and intensify the extraction of 
phenolic compounds.
Influence of the pre‑treatment technique
In an ideal situation, the extraction of polyphenols should 
be performed using fresh samples, although it is not the 
ideal process due to the large volumes that need to be 
stored. Because of perishability, shelf life, and quality, sev-
eral techniques to preserve plant material are used. TPC of 
extracts obtained from fresh, oven-, and freeze-dried apple 
bark samples were used to evaluate the effect of the pre-
treatment technique (Table 3). When comparing the tech-
nique of oven- and freeze drying, there can be seen that 
extracts obtained from the several pre-treated wood samples 
by UAE, a significant difference is noticed in the amount of 
polyphenols (p < 0.05). When comparing the fresh samples 
with bark pre-treated by freeze drying, there is no significant 
difference (p > 0.05). The same tendency was noticeable for 
WSE obtained extracts from the several fresh and pre-treated 
wood samples. In all cases, an independent sample t test 
showed that TPC was significantly influenced (p < 0.05) by 
oven drying. In general, it can be seen (Table 3) that the 
quantities of total polyphenols in the oven-dried bark sam-
ples are significantly lower than in freeze-dried and fresh 
wood samples and oven drying can, therefore, lead to a sig-
nificant loss in polyphenols.
Characterization of apple core wood and apple bark 
extracts
Phenolic content and antioxidant activity of apple tree bark 
and core wood
Both WSE and UAE extracts from pre-treated apple wood 
(core wood and bark) were characterized by TPC, TFC, and 
antioxidant activity, measured by the DPPH-RSA and FRAP 
assays (Figs. 1, 2, 3, 4).
In general, the spectrophotometric assays employed dem-
onstrate that (pre-treated) bark and core wood extracts pre-
sent the highest amount of total polyphenols, flavonoids, and 
reducing power when acetone/water mixtures are used for 
Table 2  Evaluation of the effect from solvent and extraction tech-
nique on the total phenolic content (mean ± standard deviation) of 
bark and core wood extracts
TPC = Total Phenolic Content, mg GAE/g DM  =  mg gallic acid 
equivalents/g dry matter of sample
Solvent mixture 
(v/v)
TPC (mg GAE/g DM)
WSE UAE
Bark Core wood Bark Core wood
Acetone:water 
(20:80)
22.0 ± 0.9 10.8 ± 0.1 24.0 ± 0.4 12.3 ± 0.3
Acetone:water 
(40:60)
21.8 ± 0.3 12.3 ± 0.1 24.5 ± 0.8 14.1 ± 0.2
Acetone:water 
(60:40)
25.2 ± 1.6 12.9 ± 0.2 29.0 ± 1.2 13.9 ± 0.1
Acetone:water 
(80:20)
22.3 ± 0.8 12.7 ± 0.1 24.4 ± 1.3 13.4 ± 0.3
Acetone 14.5 ± 0.6 – 16.2 ± 0.7 7.5 ± 0.2
Methanol:water 
(20:80)
13.4 ± 0.1 8.1 ± 0.3 18.9 ± 1.2 9.8 ± 0.3
Methanol:water 
(40:60)
17.1 ± 0.2 9.6 ± 0.1 24.2 ± 2.5 12.3 ± 0.1
Methanol:water 
(60:40)
17.3 ± 0.4 10.1 ± 0.1 22.6 ± 0.9 12.4 ± 0.1
Methanol:water 
(80:20)
17.4 ± 0.7 11.7 ± 0.2 26.5 ± 1.2 12.5 ± 0.1
Methanol – – 21.9 ± 0.5 10.3 ± 0.4
Ethanol:water 
(20:80)
19.4 ± 0.4 8.8 ± 0.2 16.0 ± 0.5 10.4 ± 0.2
Ethanol:water 
(40:60)
22.5 ± 0.4 11.3 ± 0.2 22.2 ± 0.5 13.3 ± 0.2
Ethanol:water 
(60:40)
20.4 ± 0.2 11.7 ± 0.1 22.9 ± 0.9 12.9 ± 0.2
Ethanol:water 
(80:20)
18.9 ± 0.7 12.0 ± 0.4 23.9 ± 0.4 12.6 ± 0.5
Ethanol 15.7 ± 0.3 – 16.9 ± 0.1 8.3 ± 0.2
Water 6.8 ± 0.4 5.0 ± 0.1 8.7 ± 0.4 6.2 ± 0.1
Table 3  Evaluation of the 
pre-treatment technique on 
the total phenolic content 
(mean ± standard deviation) 
of bark extracts obtained with 
WSE and UAE
Solvent mixture (v/v) TPC-content in Bark (mg GAE/g DM)
WSE technique UAE technique
Fresh Oven-dried Freeze-dried Fresh Oven-dried Freeze-dried
Acetone:water (20:80) 22.0 ± 0.9 18.9 ± 0.3 24.0 ± 0.4 24.0 ± 0.4 18.3 ± 0.5 23.0 ± 1.0
Acetone:water (40:60) 21.8 ± 0.3 22.8 ± 0.6 26.8 ± 0.3 24.5 ± 0.8 21.1 ± 0.3 26.7 ± 1.4
Acetone:water (60:40) 25.2 ± 1.6 22.2 ± 1.4 28.5 ± 1.3 29.0 ± 1.2 23.5 ± 1.0 27.9 ± 0.4
Acetone:water (80:20) 22.3 ± 0.8 19.3 ± 0.2 26.9 ± 0.8 24.4 ± 1.3 20.5 ± 0.4 27.2 ± 0.7
Acetone 14.5 ± 0.6 9.8 ± 0.4 9.5 ± 0.3 16.2 ± 0.7 10.5 ± 0.8 6.9 ± 0.3
Methanol:water (20:80) 13.4 ± 0.1 13.7 ± 0.6 18.9 ± 0.6 18.9 ± 1.2 22.6 ± 0.5 20.3 ± 0.8
Methanol:water (40:60) 17.1 ± 0.2 15.8 ± 0.8 20.7 ± 0.4 24.2 ± 2.5 19.4 ± 0.3 28.4 ± 0.2
Methanol:water (60:40) 17.3 ± 0.4 14.3 ± 0.3 20.0 ± 0.9 22.6 ± 0.9 19.2 ± 0.1 27.9 ± 0.6
Methanol:water (80:20) 17.4 ± 0.7 15.5 ± 0.3 23.1 ± 0.9 26.5 ± 1.2 19.3 ± 0.3 23.7 ± 1.0
Methanol – – 14.8 ± 0.6 21.9 ± 0.5 17.0 ± 1.0 18.9 ± 1.1
Ethanol:water (20:80) 19.4 ± 0.4 15.1 ± 0.2 17.1 ± 0.5 16.0 ± 0.5 21.0 ± 0.4 25.1 ± 0.5
Ethanol:water (40:60) 22.5 ± 0.4 17.3 ± 0.4 21.5 ± 0.1 22.2 ± 0.5 25.2 ± 0.4 23.6 ± 0.5
Ethanol:water (60:40) 20.4 ± 0.2 19.8 ± 0.4 20.9 ± 1.0 22.9 ± 0.9 22.5 ± 0.7 25.0 ± 0.7
Ethanol:water (80:20) 18.9 ± 0.7 18.1 ± 0.4 23.2 ± 0.7 23.9 ± 0.4 19.5 ± 0.7 25.0 ± 0.4
Ethanol 15.7 ± 0.3 11.0 ± 0.5 12.8 ± 0.2 16.9 ± 0.1 10.8 ± 0.5 14.2 ± 0.2
Water 6.8 ± 0.4 10.2 ± 0.1 10.4 ± 0.2 8.7 ± 0.4 12.1 ± 0.4 9.9 ± 0.3
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Fig. 1  Influence of the composition of the solvent mixture and the 
pre-treatment technique on apple tree core wood extracts obtained 
by warm solvent extraction for: a total phenolic content (mg gallic 
acid equivalent/g dry matter); b total flavonoid content (mg quercetin 
equivalent/g dry matter); c FRAP, ferric reducing antioxidant power 
(mM  FeSO4·7H2O/g dry matter); and d DPPH-RSA, 2,2′-diphenyl-
1-picrylhydrazyl radical scavenging activity (% reduction/g dry mat-
ter)
extraction. In addition, it can be noticed that extractions per-
formed with acetone/water mixtures show a higher extrac-
tion efficiency than those conducted with pure acetone or 
pure water. The highest values on polyphenols were obtained 
using mixtures of solvents with concentrations of 40% up 
to 80%. These extracts also show the highest antioxidant 
activity, suggesting that the phenolic compounds recovered 
from apple tree residue can be linked to the high antioxidant 
properties [34, 35].
As preliminary results revealed that TPC obtained from 
oven-dried samples is significantly lower than that obtained 
from fresh and freeze-dried samples, the same trend is 
observed concerning the results of reducing power obtained 
via the DPPH-RSA and FRAP assays. Extracts obtained 
from oven-dried samples differ significantly from extracts 
made from both fresh and freeze-dried samples (p < 0.05). 
The extracts from fresh or freeze-dried samples show the 
highest reducing capacity without a significant difference 
(p > 0.05). The results obtained are in agreement with litera-
ture data for grape skin, tomatoes, ginger, and citrus fruits, 
which show that freeze drying leads to higher contents of 
phenolic compounds than oven-drying pretreatments [22, 
36, 37]. The results from the present study enable us to con-
clude that the pre-treatment applied to the samples can influ-
ence the amount of phenolic compounds recovered.
Concerning the differences between the wood samples 
(Figs. 1, 2, 3, 4), the highest phenolic and flavonoid content, 
as well as the highest antioxidant capacity are found in bark 
extracts. The bark, which shields the core, needs to offer pro-
tection from insects and possible infections, which explains 
the higher amount of phenolic compounds compared to core 
wood. In the present study, TPC using the WSE technique 
varies from 3.5 ± 0.1 to 28.5 ± 1.3 mg GAE/g DM for oven-
dried core wood and freeze-dried bark extracts, respectively. 
Using the UAE technique, TPC ranged between 4.9 ± 0.2 
to 29.0 ± 1.2 mg GAE/g DM for oven-dried core wood and 
fresh bark, respectively. Independent of the extraction tech-
nique applied, these results demonstrate the huge variability 
in TPC between bark and core wood extracts. Large differ-
ences were also found in a study on MAE and conventional 
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Fig. 2  Influence of the composition of the solvent mixture and 
the pre-treatment technique on apple tree bark extracts obtained by 
warm solvent extraction for: a total phenolic content (mg gallic acid 
equivalent/g dry matter); b total flavonoid content (mg quercetin 
equivalent/g dry matter); c FRAP, ferric reducing antioxidant power 
(mM  FeSO4·7H2O/g dry matter); and d DPPH-RSA, 2,2′-diphenyl-
1-picrylhydrazyl radical scavenging activity (% reduction/g dry mat-
ter)
extraction [11], which reported that bark extracts prepared 
by MAE show at least a twofold higher amount of TPC and 
TFC, as well as higher antioxidant activity compared to core 
extracts.
Identification and quantification of phenolic compounds 
in apple core wood and apple bark
The HPLC–PDA analysis offers a detailed phenolic profile 
of the different extracts. During a preliminary study, all 
extracts were analyzed by HPLC–PDA. Next, some selected 
extracts, based on the pre-treatment procedure, extraction 
solvent employed, and extraction technique, were quantified 
using the parameters, as reported in Table 1. These selected 
extracts were analyzed three times. Figure 5 gives a graphi-
cal representation of the total amount of polyphenol marker 
compounds detected in treated apple wood.
The freeze-drying process did not generate significant 
declines in the amount of polyphenol markers quantified in 
this study (Fig. 5) compared to fresh samples (p = 0.551). 
On the other hand, as shown in Fig. 5 and Table 5, the 
oven-drying process causes a loss of phenolic compounds. 
Table 4 shows the total amounts of quantified phenolic 
marker compounds by HPLC–PDA in a selection of apple 
tree core wood and bark extracts obtained by WSE and 
UAE of fresh and freeze-dried samples. Despite the pres-
entation of the total amount of polyphenols in oven-dried 
samples in Fig. 5, the detailed view of these samples is 
not discussed, as they show significantly lower amounts 
in polyphenols compared to fresh (p < 0.001) and freeze-
dried samples (p < 0.05). This corresponds with the find-
ings from the preliminary study discussed in the chap-
ter  Influence of the pre-treatment technique, where a 
significant decrease in total polyphenols was observed for 
oven-dried wood samples. These results are in agreement 
with a similar study on the phenolic composition of grape 
skin, which also showed that the freeze-drying process 
maintained the phenolic composition in comparison with 
fresh samples, whereas the oven-dried samples showed a 
large decrease in the content of phenolic compounds [22].
Concerning the differences between the samples, the 
achieved results (Fig. 5, Table 4) show that the amount of 
Fig. 3  Influence of the composition of the solvent mixture and the 
pre-treatment technique on apple tree core wood extracts obtained by 
ultrasound-assisted extraction for: a total phenolic content (mg gallic 
acid equivalent/g dry matter); b total flavonoid content (mg quercetin 
equivalent/g dry matter); c FRAP, ferric reducing antioxidant power 
(mM  FeSO4·7H2O/g dry matter); and d DPPH-RSA, 2,2′-diphenyl-
1-picrylhydrazyl radical scavenging activity (% reduction/g dry mat-
ter)
marker compounds in the extracts derived from bark are sig-
nificantly higher (p < 0.001) with levels more than twofold 
that of similar extracts produced with core wood.
Taking into consideration the results obtained in the Pre-
liminary assays, and the results already discussed in this 
chapter, only a detailed representation of fresh and freeze-
dried bark derived UAE extracts is displayed in Table 5. 
Regarding the amount of flavonoids in comparison with 
the phenolic acids, the flavonoid content represents at 
least 93% of the total amount of polyphenol markers in the 
extracts. Another pertinent conclusion that can be drawn 
from the data presented in Table 5 is that the total amount 
of polyphenol marker compounds in the extracts obtained 
using ethanol mixtures as extracting solvent is similar to 
the content obtained using acetone mixtures. The acetone 
mixtures show slightly higher values, but there is no signifi-
cant difference (p > 0.05). This finding is promising, since 
the use of ethanol is preferable to the other tested solvents 
when it comes to application in the food industry. Despite 
the considerable amount of marker compounds in extracts 
produced in the presence of pure water, there is a significant 
loss (p < 0.05) compared to those produced with acetone/
water mixtures. However, the difference with ethanol/water 
mixtures (p = 0.126) is not significant.
In a previous study, Xü et al. [16] showed that phloretin, a 
bioactive dihydrochalcone known mostly as an ingredient for 
cosmetics, is present in the bark of apple trees. However, this 
compound was not detected in our extracts obtained by WSE 
and UAE at 60 °C. On the other hand, phloridzin, the 2′-glu-
coside of phloretin, appears to be the major compound iden-
tified in both fractions of apple tree wood, with an amount 
ranging from 22.168 ± 0.015 to 37.480 ± 0.094 mg/g DM. 
Ehrenkranz et al. [38] have intensively investigated the effect 
of phloridzin on the glucose uptake and its effect on diabetes 
because of the ability of phloridzin, to lower glucose plasma 
concentrations independent of insulin. The highest phlorid-
zin content found in their study was 37.48 ± 0.10 mg/g DM 
for fresh bark extracted with 60% acetone by UAE, which is 
quite similar to the value reported in this study and the value 
reported recently by Moreira et al. [11] (29.4 mg/g DM). 
Fig. 4  Influence of the composition of the solvent mixture and 
the pre-treatment technique on apple tree bark extracts obtained by 
ultrasound-assisted extraction for: a total phenolic content (mg gallic 
acid equivalent/g dry matter); b total flavonoid content (mg quercetin 
equivalent/g dry matter); c FRAP, ferric reducing antioxidant power 
(mM  FeSO4·7H2O/g dry matter); and d DPPH-RSA, 2,2′-diphenyl-
1-picrylhydrazyl radical scavenging activity (% reduction/g dry mat-
ter)
Following phloridzin, kaempferol-3-glucoside accounts 
10.6% up to 14.8% of the total amount of phenolic com-
pounds quantified in bark extracts. Furthermore, in this 
study, the condensed tannin procyanidin B2 was also iden-
tified and quantified in the extracts. This compound has been 
linked to the antioxidative activity of apples, and therefore, 
it deserves further attention. The content of procyanidin B2 
varies from 0.057 ± 0.004 to 1.135 ± 0.007 mg/g DM, which 
is higher than values reported by Lee et al. [39] in several 
apple cultivars (0.034 to 0.217 mg/g fresh apple). In addi-
tion to the flavonoids already described, (−)-epicatechin 
gallate, (−)-epicatechin, (+)-catechin, naringin, and rutin 
were also detected and quantified. Bioactive phenols, such as 
gallic acid, catechin, caffeic acid, vanillic acid, epicatechin, 
p-coumaric acid, ferulic acid, rutin, quercetin, naringenin, 
and phloretin, have been detected previously in apple bark 
extracts [30, 40]. Some of the reported phenolic acids were 
also found in our bark extracts, i.e., vanillic, gallic, ferulic, 
p-coumaric, and caffeic acid. Gallic and vanillic acid was 
only identified in some extracts prepared with pure water. 
Another phenolic compound quantified in the majority of 
extracts was p-coumaric acid, ranging from 0.045 ± 0.001 to 
0.224 ± 0.002 mg/g DM. Ferulic acid is also present with the 
highest amount detected in a freeze-dried sample extracted 
with 60% ethanol (0.184 ± 0.002 mg/g DM).
Conclusion
In summary, the present study demonstrates that apple 
wood extracts contain a considerable amount of phenolic 
compounds with antioxidant activity. In fact, the relatively 
high content of phenolic compounds recovered by WSE 
and UAE opens the possibility of applying these types of 
extraction techniques at pilot scale, aiming at valorisation 
of vegetable by-products as natural sources of functional 
substances for further use in different fields, such as, e.g., 
food, feed, and cosmetics. In general, core wood and bark 
extracts obtained with 40 up to 80% v/v solvent/water 
mixture contain the highest amounts of total polyphenols 
and flavonoids. From the analyzed samples, bark extracts 
obtained after the application of UAE presented the high-
est yield in polyphenols. This study favors the UAE tech-
nique when extracting polyphenols from apple wood. 
This technique is affordable and pragmatic and yields anti 
oxidative extracts that can be used in the food industry, 
pharmaceutics, and cosmetics. In addition to finding the 
most economically and ecologically beneficial extraction 
method, this study shows that the pretreatment techniques 
used on apple wood influence the phenolic composition. 
Although fresh wood residue is no ideal starting material 
due to the large volumes for storage, it is, however, the 
most interesting time to perform extractions on freshly 
rooted trees at an industrial level, since fresh samples pro-
vide the highest amount of polyphenols. Nevertheless, it 
should be noted that extracts based on freeze-dried sam-
ples hold the same phenolic profile as those based on fresh 
Fig. 5  Evaluation of the influence of the pre-treatment technique 
on the total amount of polyphenol marker compounds detected by 
HPLC–PDA for apple tree bark and core wood extracts obtained by 
WSE (a) and UAE (b)
Table 4  Total amount of polyphenol marker compounds with HPLC–PDA (mean ± standard deviation) of a selected number of core wood and 
bark extracts
Extraction conditions Core wood Bark
WSE UAE WSE UAE
Fresh Freeze-dried Fresh Freeze-dried Fresh Freeze-dried Fresh Freeze-dried
Ethanol 60 v/v% 18.00 ± 0.47 13.10 ± 0.10 18.48 ± 0.10 19.27 ± 0.06 37.72 ± 0.07 28.94 ± 0.30 40.50 ± 0.10 41.12 ± 0.07
Aceton 60 v/v% 19.62 ± 0.22 10.67 ± 0.07 20.03 ± 0.25 20.37 ± 0.12 46.60 ± 0.22 25.66 ± 0.13 46.64 ± 0.14 46.49 ± 0.17
Blank (100% water) 11.30 ± 0.11 10.12 ± 0.07 9.82 ± 0.79 10.21 ± 0.06 24.36 ± 0.11 25.95 ± 0.13 30.21 ± 0.15 28.76 
±  0.07
samples. The least favorable starting material is that of 
samples dried at 60°, where the amount of polyphenols are 
significantly lower. In general, the combination of UAE 
with fresh and freeze-dried bark in the presence of etha-
nol yields the highest amount of polyphenols. In addition, 
when looking at the number of polyphenols via HPLC 
detection, UAE extraction in the presence of water shows 
similar efficiency with a WSE extraction in the presence 
of any type of solvent mixture.
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